The shape and diversity of the mammalian molar teeth is suggested to be regulated by the primary and secondary enamel knots, which are putative epithelial signaling centers of the tooth. In search of novel molecules involved in tooth morphogenesis, we analyzed mRNA expression of Slit1, -2 and -3, earlier characterized as secreted signals needed for axonal path®nding and their two receptors Robo1 and -2 (Roundabout1 and -2) in the developing mouse ®rst molar. In situ hybridization analysis showed that Slit1 mRNAs were expressed in the primary enamel knot of the bud and cap stage tooth germ and later the expression continued in the secondary enamel knots of the late cap and bell stage tooth. In contrast, expression of Slit2 and -3 as well Robo1, and -2 was largely restricted to mesenchymal tissue components of the tooth until the bell stage. At the late bud stage, however, Robo1 transcripts were evident in the primary enamel knot, and at the cap stage a pronounced expression was noted in the middle of the tooth germ covering the primary enamel knot and dental papilla mesenchyme. During the bell stage, Robo1 and Slit2 expression became restricted to the dental epithelia, while Slit3 continued in the dental mesenchyme. Prior to birth, Robo1 and -2 were co-localized in the predontoblasts. These results indicate that Slits and Robos display distinct, developmentally regulated expression patterns during tooth morphogenesis. In addition, our results show that Slit1 is the second known gene speci®cally located in the primary and secondary enamel knots. q
Results
The tooth is an excellent model organ to analyze molecular mechanisms regulating organ formation and cell differentiation (for review, see Peters and Balling, 1999; . In addition, the diversity of mammalian molar tooth shapes has made it a valuable model for the studies of genetic control of evolution (reviewed in Polly, 2000; . A characterized feature of the molar tooth morphogenesis is the epithelial primary and secondary enamel knots proposed to serve key roles in the regulation of mammalian molar tooth shape (Butler, 1956; Jernvall et al., 1994) . The primary enamel knot appears at the tip of the dental epithelium just before its transition to the cap stage. It expresses several signals belonging to different families such as bone morphogenetic proteins (Bmps), ®broblast growth factors (Fgfs), Wnts and hedgehog (Hh), and is proposed to act as a signaling center regulating early tooth morphogenesis . The secondary enamel knots present in the bell stage tooth germ are suggested to determine the sites of the cusps and promote their growth. However, their signaling functions have remained largely unknown. So far they are known to express speci®cally Fgf4 only .
In search of novel genes involved in the regulation of tooth morphogenesis, we investigated the expression of conserved Slit signaling molecules and Robo1 and 2 receptors in the embryonic mouse molar tooth germ (E10±E18). The Slit protein was originally described as a midline repellent for the Roundabout (Robo) receptor in Drosophila . In vertebrates, Slit1±3 form a family of secreted signals regulating axonal growth and branching during development of the nervous system Wang et al., 1999) , but their non-neuronal functions are largely unknown (Yuan et al., 1999) .
In situ hybridization analysis revealed that the expression of Slit1 was speci®cally restricted to the enamel knots during tooth morphogenesis (see Fig. 1A1±7 ). Slit1 mRNAs were ®rst observed in the primary enamel knot of the bud and cap stage tooth germ (E13±14) (Fig. 1A4,5) , and later expression continued in the secondary enamel knots of the late cap (E15) and bell stage tooth (E16±E18) (Fig. 1A6,7) . Hence, our results here show that Slit1 is the second gene known to be speci®cally located in the primary and secondary enamel knots during cusp formation. Interestingly, after the disappearance of the morphological secondary enamel knot, the Slit1 expression was spread to the stratum intermedium cells between the parallel cusp tips. Fig. 1 . Comparative analysis of Slit1±3 and Robo1 and -2 expression in E10±E18 embryonic ®rst molar tooth germ. Frontal sections. Abbreviations: cm, condensed dental mesenchyme; de, dental epithelium; dm, dental mesenchyme; dp, dental papilla mesenchyme; pek, primary enamel knot; ide, inner dental epithelium; oe, oral epithelium; om, oral mesenchyme; ode, outer dental epithelium; po, preodontoblasts; pdm, presumptive dental mesenchyme; sek, secondary enamel knot; st, stratum intermedium. Of note, Slit1 mRNAs are largely located in the upper part of the in the primary enamel knot of E13 bud and E14 cap stage tooth germs (A4,5). Arrowheads in A5±A7 indicate the dental follicle surrounding the enamel organ. The dental follicle is the only region, which becomes innervated in the embryonic tooth. Scale bars: 100 mm in E3 applies to embryonic age E10±E12; 100 mm in E6 applies to embryonic day E13± E16; 100 embryonic age E13±E16; 100 mm in E7 applies to embryonic age E18.
Slit2 and Slit3 showed markedly similar mesenchymal expression until the cap stage. During E10±E12 Slit2 and Slit3 were co-expressed in the jaw mesenchyme partially covering the presumptive dental mesenchyme, and at E13 the expression continued around the epithelial bud and condensed dental mesenchyme (Fig. 1B1±4,C1±4 ). At the cap stage (E14), both genes were prominently expressed in the dental papilla and follicle, except from the dental papilla cells beneath the inner dental epithelium (Fig. 1B5,C5) . Interestingly, at the late cap stage (E15), a marked Slit2 expression appeared in the middle part of the enamel organ except the enamel knots, and in the dental papilla. During the bell stage (E16±E18), Slit2 transcripts persisted in the dental epithelia (Fig. 1B6,7) . In the dental papilla, Slit2 mRNAs were restricted to the cells next to the inner dental epithelium, but preodontoblasts were devoid of transcripts. In contrast, Slit3 expression persisted in the dental papilla and follicle resulting in largely complementary expression patterns for Slit2 and Slit3 in the E18 tooth (Fig. 1B7,C7 ).
Robo1 and -2 were co-expressed in the dental and jaw mesenchyme during E10±E13 (Fig. 1D1±4,E1±4 ). Interestingly, at the late bud stage, Robo1 mRNAs appeared in the developing primary enamel knot (Fig. 1D4) . One day later, a prominent Robo1 expression was observed in the middle of the tooth germ covering the enamel knot, adjacent cells of the inner dental epithelium and the dental papilla mesenchyme (Fig. 1D5) . During the bell stage, Robo1 signal diminished in the dental papilla and prior to birth, transcripts were observed in parts of the inner dental epithelium and mesenchymal cells next to the inner dental epithelium (Fig. 1D6±7) . Robo2 was downregulated in the dental papilla at E14 but during later development, some transcripts also appeared in the inner dental epithelium and in the mesenchymal cells next to the cervical loops (Fig. 1E5±  7) . Of note, prior to birth, both receptors were co-expressed in the predontoblasts, which later differentiate dentin-secreting odontoblasts (arrows in Fig. 1D7,E7 ).
Materials and methods
Mice (NMRI) were mated overnight and the appearance of vaginal plug was taken as day 0 of embryogenesis (E0). The exact developmental stages of the tooth germs were judged from the tissue sections according to morphological criteria. The following plasmids were used for in vitro transcription of 35 S-UTP-labeled antisense and sense probes: a 1.4 kb mouse Slit1; 1.3 kb Slit2, 1.9 kb Slit3, 1.0 kb Robo1 and a 1.7 kb Robo2. In situ hybridization was performed according to Wilkinson and Green (1990) . No speci®c hybridization signal was detected in the control sections (not shown).
